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'ITECHNICAL NOTE 4264 

IlXERNAL fZ!HARAmSTICSAND-RMANa OF SEERAL JET 

DEFIZCTORSAT P.lXM#X-NO- PRESSURE 

RATIOS UP To 3.0 

By Jack G. McArdle 

Seversl model jet deflectors (devices which change the direction of 
resultant jet thrust) were tested in quiescent air to detetine the 
effects of design variables on their performance and operating charac- 
teristics. The deflectors (swivelled nozzles, auxiliary nozzles, and 
mechanical deflectors) were designed to be adaptable to convergent- 
nozzle, plug-nozzle, and ejector turbojet exhaust systems. 

Side force as high as 43 percent of the undeflected jet thrust was 
obtained, and, in general, the axial thrust was reduced to not less than 
81 percent of the undeflected jet thrust. Analytical expressions relat- 
ing the performance of each type deflector with significant design vari- 
ables sre slso presented. 

INTRODUCTION 

The use of conventional aerodynsmic surfaces to provide control 
forces under a31 flight conditions is increasin&y troublesome as air- 
craft are required to operate in more varied flight regimes. At super- 
sonic speeds the control surfaces may bring about undesirable coupling 
effects or excessive drag. At high sltitude or very low speed, forces 
produced by the surfaces may be inadequate because of low dynemic pres- 
sure. Control would be improved in such cases by using forces produced 
by the powerplant to assist or supplant the aerodynamic surfaces. For 
jet-propelled vehicles, control moments can be produced by redirecting 
all or part of the engine exhaust. All devices which change the direc- 
tion of the resultant thrust vector to produce controlmaments are herein 
called jet deflectors, whether or not the effect is brought about by actu- 
ally deflecting the main exhaust stream. (The performance characteristics 
of thrust reversers, which are designed to produce a net rearward force 
rather than a mcxnent, are smrized in ref. 1.) 
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Most of the work on jet deflectors thus far reported Is concerned 
with devices designed for use with high-pressure-ratio convergent- 
divergent exhaust nozzles (e.g., refs. 2 to 9). These devices are more 
suited for rocket applications than for maneuvering a turbojet-powered 
aircraft at low speed and low altitudex as in jet vertical takeoff and 
landiq. Because of current interest in the latter application, the NACA 
Lewis laboratory initiated a program to determine the effects of design 
variables on the internal characteristics and performance of several types 
of model jet deflectors operated at over-all pressure ratios near critical. 
Results of an investigation of some novel configurations are included in i$ 
reference 10. Throughout the investigation reported herein emphasis was : 
placed on devices which could be adapted to conventional turbojet exhaust 
systems suitable for supersonic propulsion. Analytical expressions re- 
lating the performance with significant design variables were developed, 
and,performsnce data for a variety of configurations were obtained. The 
data served to verify the analytical expressions and, in certain cases, 
to provide necessary experimental coefficients. The results presented 
are, in general, restricted to over-all pressure ratios between approxi- 
mately 1.4 and 3.0. 

The experimental portion of this investigation was restricted to de- 
tices which produce side force (that component of the resultant thrust 
perpendicular to the original thrust axis) up to about 35 percent of the 
undeflected jet thrust. Tests were made with unheated pressurized air 
discharged to the atmosphere and no external flow. Most of the devices 
utilized a 4-inch-diameter primary exhaust nozzle. The deflectors have 
been classified as swivelled nozzles, atudlisry nozzles, and mechanical 
deflectors, types which are herein defined as follows: 

, 

..- 

(1) Swivelled nozzles. Devices which produce side force by means 
of a canted exhaust-nozzle exit. An example of this type is the swivelled 
convergent nozzle. - 

(2) Auxiliary nozzles. Devices which produce side force by means of 
a separate (atiliary) jet exit. An example of this type is the plug 
nozzle ,with an auxilisry jet from the plug. 

(3) Mechanical deflectors. Devices which produce side force by 
means of a flap or its equivalent immersed in the primary jet. Examples 
of this type are the ejector with internal or externsl flaps and the 
swivelled ejector shroud. 

Jet deflectors utilizing immersed vanes are extensively treated in 
the literature and are not considered in the present report. 

APPARATUS AND IN8TRUMENTATION 

Sketches, figure references , and the ranges of geometry variation 
for the jet-deflector models described in this section are summar ized in 

P 
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table I for convenience. AU symbols and definitions used in thfs report 
are collected in appendixes A and B, respectively. 

BASIC JET EXHAUST SYST5MS 

The model basic-jet-exhaust-system configurations used during this 
investigation are illustrated in figures 1 to 4. 

Tailpipe and convergent nozzle. - The model tailpipe and convergent 
nozzle is shown in figure 1. The nozzle is 4 inches in diameter and has 
an 8' half-angle. 

Tailpipe and plug nozzle. - The model tailpipe and plug nozzle are 
shown in figure 2. The nozzle is composed of a 300 half-angle plug and 
a 15O half-angle 4.5-inch-diameter shell. The effective flow area is 
approximately equal to that of a 3.8-inch-diameter convergent nozzle. 

Ejector. - The model ejector fs shown in figure 3. The configura- 
tion is built around a 15' half-angle 4-inch-diameter primary nozzle. 
The ejector is arranged to pump ambient air through a 3-inch-diameter 
secondary flow measuring orifice. The shrouds are secured to a shroud 
mounting spool extending from the fairing. Shroud details sre shown in 
figure 4. Shroud geometry ranged as follows: hslf-angle, O" to I-5'; 
diameter ratio D,h/%, 1.1 to 1.4; and apacing ratio S/%, 0.84 to 
1.04. 

JETDEFLFCTORS 

The model jet deflectors used in conjunction with the basic jet ex- 
haust systems are illustrated in figures 5 to 17. 

Swivelled Nozzles 

Swlvelled tailpipe. - These devices simulate a swivelled engine or 
an engine in which the tailpipe is swivelled. The configurations were 
assembled from the basic tailpipe and convergent nozzle (fig. 1) and the 
elbows of figure 5. The maximum swivel angle tested is about 25O. 

Swivelled convergent nozzle. - The model tested, shown in-figure 6, 
is of sphericsl design and has a 3.5-inch-diameter exit and a maximum 
swivel angle of 20'. A full-scale nozzle for an afterburning engine would 
propably use two pairs of sphericsl "eyelids" to approximate this shape. 
With such an arrangement, movement of one of the pairs could produce side 
force, while movement of either or both pairs could vsxy the flow area. 

- 
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Plug nozzle with plug at tailpipe wsll. - This configuration, shown 
in figure 7, was obtained by altering the basic tailpipe and plug nozzle 
(fig. 2). The plug was translated transversely until it nearly touched 
the tailpipe wall and thus formed an exit which was neither normal to 
nor symmetric about the longitudinsl sxis. 

Auxilisry Nozzles 

Tailpipe with bleed nozzle. - This configuration, shown in figure 8, 
consists of a tailpipe, the basic convergentnozzle (fig. l), and a per- 
pendicularly mounted auxiliary nozzle. Air for the auxiliary nozzle is 
bled from the tailpipe through eight equally spaced l&inch-diameter 

ports. The auxiliary nozzles tested are of 15' half-angle and rsnge in 
exit diameter from 1.22 to 2.03 inches. 

Plug nozzle with auxiliary jet from plug. - In this configuration 
(fig. 9) the tailpipe, nozzle shell, and external plug shape sre the same 
as the basic tailpipe and plug nozzle (fig. 2). The auxiliary air, sup- 
plied from an externsl source limited to 100 pounds per square inch gage 
and 1.5 pounds per second, is ducted throughthe plug mounting strut and 
exhausted through an orifice in the interchangeable conic&L portion of 
the plug. Orifice sizes and shapes are tabulated in figure 9. In each 
case the orifice is wholly downstream of the nominsl primsry-nozzle 
throat. 

Mechanical Deflectors 

Swivelled ejector shroud. - All swivelled ejector shroud configura- 
tions utilize the basic ejector (fig. 3) and ejector shrouds (fig. 4). 
The shroud is swivelled up to 15O relative to the longitudinal axis by 
means of one of the devices sketched in figure 10. The adjustable shroud 
mounting spool (fig. 10(a)) is similar to a stovepipe elbow in constmc- 
tion and operation-and replaces the comparable part in the basic ejector. 
The 15' fixed extension for the shroud mounting spool (fig. 10(b)) in- 
creases the ejector spacing. For some of the configurations the entire 
ejector secondary flow passage (see fig. 3) was blocked with modelling 
clay to prevent gases flowing backward in the passage. For one of the 
deflectors the blockage was replaced with the baffle -Illustrated in fig- 
ure 11. Significant geometric factors for all configurations of this _ ._ 
type tested are listed in table II(a). 

Ejector with internal flaps. - Ejectors with internal-flap config- 
urations utilize the basic ejector (fig. 3) and one of the conical 
ejector shrouds (fig. 4(c) or (a)). The s&tglefixed-flap deflectors sre 
illustrated in figure 12. One of the flaps (fig. 12(a) or '(b)) is mounted 
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in the shroud to simulate a flap which has been pivoted into place from 
a stowed position against the shroud wall. The range of simulated actu- 
ation angles is from 9O to nesrly 90°. For some tests, flow dams were 
added to the edges of a flap, as shown fn figures 12(c) and (d). For 
certain tests with this type jet deflector only three-quarters of the 
secondary flow passage was blocked with modelling clay (similarly as was 
done with the swivelled-ejector-shroud models). Arrangement of the 
blockage in this case is illustrated in figure 12(f). 

A device of this type incorporating two pivoted flaps is shown in 
figure 13. Either flap can be actuated independently up to 47$', or both 

flaps can be actuated simultaneously up to 2Z$', the point at which the 
flap edges coincide. 

Significant geometric factors for all configurations of this type 
tested are listed in table II(b). 

Ejector with exkrnsl flap. - The ejector with external-flap con- 
figurations tested utilized the basic ejector (fig. 3) and one of the 
models illustrated in figure 14. For the shroud with one large flap 
(figs. 14(a) snd (b)) the flap extends around half the shroud circum- 
ference and can be actuated up to 30°. For the shroud with two smsll 
flaps (fig. 14(c)) each flap extends around a qusr-ter of the shroud cir- 
cumference. One is fixed & 30' to the 1ongitudWal sxis, while the 
other is unactuated. Significant geometric factors for both configura- 
tions of this type sre listed in table II(c). 

. 

Modulating cylindrical target-type thrust reverser. - This model, 
shown in figure 15, is the same one used in tests reported in reference 
Il. The stowed reverser acts as an ejector, but the pumping characteris- 
tics were not measured. For operation as a jet deflector, one of the 
reverser hslves is'actuated up to 38' from its stowed position. Signif- 
icant geometric factors for this configuration sre listed in table II(d). 

Ejector with stivelled primary nozzle. - This model, shown in fig- 
ure 16, simulates sn exit configuration consisting of a swivelled pri- 
marynozzle, a convergent ejector, and a valve to prevent gas from flow- 
ing backward in the secondsry flow passage. The stivelled convergent 
nozzle previously described (fig. 6) is used. Significant geometric 
factors for this configuration are listed in table II(e). 

Miscellaneous Jet Deflectors 

Miscellaneous deflector configurations investigated during the course 
of the program reported herein are illustrated in figure 17. 
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Plug nozzle with swivelled plq - This configuration utilizes the 
basic tailpipe and plug nozzle (fig.'2). The plug is swivelled up to 30' 
from its normal position. b 

Ejector with partisl blockage in secondary passage. - This config- 
uration utilizes the basic ejector (fig. 3) and shroud (fig. 4(c)). Half 
the secondary flow passage is blocked with modelling clay as previously 
described. 

Ejector with partly opened shroud. - This configuration utflizee 
the basic ejector (fig. 3) and a DshlDB = 1.2 shroud of which hslf is 
opened to the equivalent of a Dsh/% = 1.5 shroud. 

f 

- 

EX-AL SE'BJP 

The experimental setup on which s.ll tests were conducted is shown 
in figure 18. The vertical inlet portion=of the setup is joined to an 
air system through a bellows and is pivoted from a rigid steel supporting - 
structure at pivot point A. Downstresm of the elbow the inlet portion is 
connected to the horizontal duct on which the model is mounted through a 
labyrinth sesL and pivot point B. This pivot, consisting of a spherical 
ball bearing and a quill rod, acts as a point about which the yaw, pitch, 
and roll torques are generated. Axial force passes through this pivot r 

to the inlet portion. All torques are transmitted to and read from - 

force-measuring cells connected to the setup through flexure members. I 
The force-measuring cells are of the null-reading ballanced-pressure- - 
diaphragm type. Counterweights are used to ensure that the cells sre 
always loaded. 

INSTRuMENTA!L'ION 

All airflows were measured with standard &?W thin-plate orifices. 
All total temperatures were measured at the respective orifices by thermo- - 
couples in the airstream. Pressure at the labyrinth seti surrounding 
pivot point B was measured by two total-pressure tubes spaced 180' apart. - 

The primary-nozzle inlet pressure was measured by eight tot&- 
pressure tubes on each of two dismetral survey rakes spaced 90' apart 
just ahead of the nozzle. The ejector secondary inlet pressure was meas- 
ured by two survey rakes spaced 180' apart in the secondary flow passage 
2 inches ahead of the primary-nozzle exit on the ejector horizon&l center- 
line. Each rske consisted of four total-pressure tubes, of which two 
tubes pointed upstream and two downstream. Ambient pressure was measured -- 
with a barometer. -7 

IL 

Y 
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The models were instrumented with wall static-pressure 
required. The orifices were 0.06 inch in diameter or less. 

7 

orifices as 

Cslibration. - The force measuring systems were 
weights. Leaksge at the labyrinth sesl was measured 
tern&L source after the supply line near the orifice 
duct at the model mounting flange were blocked. The 
flow was corrected for this leakage. 

calibrated with dead 
with air from an ex- 
and the horizontal 
primery-nozzle air- 

Tests. - The models were mounted to produce side force in the yaw 
direction only. The performance of each model was obtained over a range 
of primary-nozzle pressure ratios of about 1.4 to 3.0 using unheated 
pressurized air discharged to the atmosphere. Performance parameters 
were computed in terms of the undeflected performance of the ssme model 
except where noted. 

DATAF'RFSENTATIONARDAETLICATION 

Method of data presentation. 
model mounted on the experimentsl 

- The following sketch represents a 
setup. The setup measures the sxisl 

4 I I 

thrust slang the longitudinal axis and the moment M about pivot point 
B. The moment is the product of the resultant jet force and the lever 
srm and, by resolting the resultant into components, can be written 

M = FSce - F,2 (1) 
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The distance 2 and the quantity Fz2 are called the offset distance 
and the counteracting moment, respectively. For many configurations the 
offset distance is Indeterminate. For this reason the moment is consfd- 
ered to be wholly caused by an effective side force FS,N acting per- 
pendicular to the longitudinal axis in the plane of the primary-nozzle 
exit. Thus 

. 

where both the moment and the distance cN are easily measured. The 
axial component of the resultant Fz must, of course, lie slang the 
longitudinal sxis and is measured directly. 

The axial and effective side components of the resultant force, the 
primary-nozzle corrected airflow and the ejector secondary-weight-flow 
ratio, are conveniently expressed in ratia form by dividing by the cor- 
responding performance of the unactuatea model. Thus 

Side-force ratio, FS N 
?i = G 

FZ Axial-thrust ratio, flz ZF 
ZYO 

Airflow ratio = (tp)/p?$yo 

Pumping ratio E (;&)/kg) 
0 

(3) 

(4) 

(5) 

(6) 

I 

/ 

In the following sections these.parameters-are show as functionsof the 
design variable which most significantly affects the performance. Exper-- -- r 
kuentsl data, not corrected for changes in primary airflow, are presented 
at primsry-nozzle pressure ratios of 2.0, 2.4, and 2.8 except where noted. 
Experimental and analytical results are often compsred in the same figure 
to indicate the accuracy of the anslyses. analysis, discussion, and com- 
parison of theoretical performance of the three types of deflectors are 
presented in appendixes C, D, and E. - 

Data application. - From equations (1) and (2), 

ce 
F&N = TN FS - z (7) 
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Thus, the effective side force FS,N may differ from the true value FS 
by sn amount dependent on geometric dimensions inherent in the config- 
uration and on the diSta?.ICe cN. For the configurations tested (except 
the swivelled tailpipe) both ce and c~ are large compared to 2, and 
therefore the difference can usually be neglected. (For example, cN iS 

20.5 % for the ejector models , as found from figs. 18 and 3(a); whereas 
c, is about 21.5 DN, and 2 is a fractional part of %. In a typical 
case FS,N, 2, and F, might be 0.25 FZ,o, 0.5 %, and 0.87 FZ,O, 
respectively. Then, by equation (7), FS is 0.258 F,,,.) Corrections 
to reported values of FS,N are necessary only in applications in which 
the ratio ce/cN is significantly different from that of the setup used 
here, or -In which the pivot point does not lie on the primsry-exhaust- 
nozzle axis. 

RESELTS AND DISCUSSION 

S-NO- JET DEFLECTORS 

As previously defined, swivel-led-nozzle jet deflectors sre detices 
which produce side force by mesns of a canted exhaust-nozzle exit. The 
analysis of this type deflector in appendix C shows that for the general 
case in which there is a significsnt counteracting moment, as shown in 
the following sketch, 

Pivot 

the performance is 
+ sin a 

1 + f CO8 CL 

sz = co6 a (c2) 

If the counteracting moment is negliable, f approaches zero, and these 
equations reduce to 

ss = sin a (8) 

sz = co8 a (9) 
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In this case the deflector is said to follow the "cosine law", and the 
performance is the best obtainable for any deflector in which the whole 
jet is turned. 

Performance of Swivelled Tailpipe 

The performance of the swivelled-tailpipe (or swivelled-engine) de- 
flector is shown in figure 19 for nozzle pressure ratios of 1.4, 2.0, 
and.2.8. These data, corrected to zero counteracting moment using the 
measured offset distance 2 and equation (7)' follow the cosine law. 
These results illustrate that large values of side force can be obtained 
for relatively small decrements in axial thrust, and that the experi- 
mental setup is capable of measuring both side- and axial-force ratios 
within about ~~~0.015. 

Performance of Swivel-led Convergent Nozzle 

The performance of the swivelled convergent nozzle is shown in fig- 
ure 20 as a function of the swivel angle a up to the maximum angle ob- 
tainable with this-model, 20'. The airflow ratio (fig. 20(a)) does not 
vary from unity by more than 2 percentage points over the range of con- 
ditions tested. Values of Fs (fig. 20(b)) are not corrected for the 
small counteracting moment. Although there is some difference, psrtly 
due to airflow, the performance is within kO.02 of the cosine law (in- 
dicated by dashed lines). 

Performance of Plug Nozzle with Plug at Tailpipe Wall 

In this configuration most of the gas is exhausted through an exit 
station having a maximum effective discharge angle of 22'. No inter- 
mediate plug positions were tested, and the basic plug nozzle (fig. 2) 
was used to obtain the unactuated performance. Test results are shown 
in figure 21 for a range of primary pressure ratios. The increased air- 
flow ratio (fig. 21(a)) indicates that the effective throat area is en- 
lsrged when the plug is in this position. F8 and Fz (figs. 21(b) and 
(c)) have approximately constant values of 0.10 and 1.0, respectively. 
By the cosine law, F8 indicates that the average discharge angle of this 
device is 6'. The measured Sz is from 2 to 4 percentage points less 
than Sz computed from the cosine law and measured 9rs snd airflow 
(dashed line). 

. 

/ 

Y 
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AJJXILIARY-NO- JET DEIETXCTORS 

As previously defined, auxilisry-nozzle jet deflectors ere devices 
which proauce siae force by means of a separate (auxilisry) jet etit. 
The analysis of this type deflector in appendix D shows that for the 
general case in which there is a significant counteracting moment, as 
shown in the following sketch, 

Pivot 
point 

the performance is 

+ 
FA(cA sin $ - 2 cos $) 

"NFz, o 

%= 
FN + FA COB '# 

FZ,O 

Counteracting 
moment = 
FAZ CO8 '# 

(D2) 

(N 

Performance of Tailpipe with Bleed Nozzle 

In this device side force is produced by an auxiliary nozzle per- 
pendicular to and utilizing gas bled from the tailpipe wall. The unde- 
fleeted jet thrust is the thrust that could be produced by the tote3. air- 
flow WT at tailpipe totd pressure PT and total temperature T. For 
this geometry, wherein wT = (WA + wN) and PN is Very nearly PTy eqlla- 

tions (D2) and (D3) are expressed in terms of flow variables as 

. 
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The performance is shown in figure 22 as a function of the auxiliary- 

nozzle airflow ratio ?a Sz (fig. 22(a)) closely follows equation (ll). 

s (fig. 22(b)) 1 s corrected to unity cA/cN to eliminate the effect of 
this arbitrsry variable. At larger values of wA/wT, 5s iS significantly 
less than it would be if the auxiliary-nozzle and tailpipe total pres- 
sures were equal (dot-dash line). The reason for this is shown in fig- 
ure 22(c), where it can be seen that the auxiliary-nozzle totsl pressure 
is even less than tailpipe static pressure (dot-dash line) because of 
turning and friction losses and effects of flow-coefficient variations 
in the bleed ports. 

Performance of Plug Nozzle with Auxiliary 

Jet from Plug 

In this device side force is produced by a small high-pressure 
auxiliary jet exhausted through an orifice in the surface of the plug. 
For this device, with the counteracting moment and differences in thrust 
coefficients neglected, equations (D2) and (D3) are expressed in terms of 
flow variables as 

sin 60' 

+1+2 

r-1 
PO r l- p 

( > A r r-1 
PO J" l- p 

( > N 

cos 60' 

(12) 

(W 

The performance is shown in figure 23 as a function of the auxiliary- 
ll0zd.e airflow ratio WA/WN. The uppermost parts of the figure show that 
in some cases the auxiliary jet caused a significant reduction in primary 
airflow ratio. For this reason, ss and %, shown in the other parts of 
figure 23, sre based on the undeflected jet thrust that would be produced 

- - 

I 

Y 
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by the measured primsry afrflow. The gs and Sz for aU orifice con- 
figurations csn be approtimately represented by sin&e curves (solid 
lines). This performance is always less than that which would be ob- 
tained if the airflow used by the orifice of cone number 1 were exhausted 
into still air under the same geometric and fluid conditions (dot-dash 
lines). 

MECHANICAL JET lIEZ’LEC!TORS 

As previously defined, merhnntcal jet deflectors are devices which 
produce siae force by means of a flap or its equivalent immersed in the 
primary jet. An analysis of this type deflector in appendix E shows that 
for a flow pattern like that shown in the following sketch 

Y 

t- Z 

ill& 
Recirculation (called 

\ backflow if it tends 
to move into the ejec- 

\-Flap 

tor secondary A35 ac 

wsw3e) 

the general performance relatton is 

When the flap is 
For other cases, 

g=l-$Stan(a+~m& 036) 

large enough to turn the whole jet, ss is sin(a + Tmsx). 

ss = K& sin(a + Tmsx) = K.!$$ Parameter 04) 

and, using (~6)' 

gz = 1 _ K5& sin2(a + =msx) = l 
ia cos(a + zmax) - K& Parameter 05) 

(See appendix B for definitions of ss and sz Parameters.) Equations 
(14) and (15) are applied when ss is sin(a f T-) by limiting 
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5d 
2 to unity in the Parameters. 

=%a. 
In these equations K is an experi- br 

mentally determined factor, the iaesl. lateral area ratio &id is found 
by equation (E8) or figure 47, and the actual lateral area ratio dac 
is determined by the method described in the section Geometric Factors 
in appendix E. 

In the following sections fls ma Sz for several deflectors will 
be presented as functions of their respective Parameters. A semi- 
empirical design procedure suggested for configurations not specifically 
covered by data is given following the experimental results. 

Performance of Swivelled Ejector Shroud 

%i =a 2q - The performance of the-cylindrical ejector shroud 
swivelled up to 15' (cslled configuration A) is shown in figure 24. For 
this geometry the ratio &$ac/&?id is always greater than 3 (see table 
II(a)>, and the ss and Sz Parameters are sin a and sin2a/cos a, 
respectively. The solid symbols in this and following figures indicate 
that the entire secondary flow passage is blocked to prevent backflow. 
(The blockage simulates a high-temperature valve in the vicinity of the 
primary-nozzle exit. Alternate methods of providing cooling air to 
critic&L structures might have to be developed if the deflector is to 
be operated for substantial periods of time.) The dashes lines in the 
figure indicate the maximum theoretical Ss and the corresponding Sz 
that this deflector can produce. Although deviations are present (prob- 
ably because of aerodynamic losses and subsmbient pressures on the di- 
vergent portion of the shroud), most of the data points lie within 0.035 
of these linesi therefore, this flap is large enough to turn the whole 
jet. For this case K, by equations (14) and (15)' is unity. 

. 

I 

Figure 25 shows the performance of deflectors in which the actusl 
lateral area ratio is, in general, less than the ideal value. The ref- 
erence configurations listea in the key for this and following figures 
are the configurations whose unactuated performance is used to compute 
the various performance parameters. The slope of the dashed line through 
the data gives the average value of the factor K for this group of de- 
flectors; these values are intended for illustrative purposes only snd 
should not be used in design. Precise values of the factor may, of course, 
be obtained for any individual deflector from the data of figure 25. 

Comparison of the data of figure 25 reveals some of the chsracter- 
istics of this type device. For any of the configurations flz decreases- c - 
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and g8 increases as their respective parameters increase at constant 
primary-nozzle pressure ratio. In general, a value of the $8 Parameter 
of the order of 0.3 is required to produce 0.25 ss, and at this perform- 
ance blockage appears necessary to prevent backflow. Performance is the 
ssme with or without blockage for operation in the region where backflow 
starts. Ejector spacing ratio has no appreciable effect on performance 
( see, e.g., configurations B and C). These results were obtained using 
a wide range of geometries which should be readily adaptable to conven- 
tional ejector-type jet exits. 

The effect of recirculation in the shroud is illustrated in figure 
26, which shows the wsllpressure distribution in a plane through the 
longitudinal axis. (Although it is not shown in the figure, a continu- 
ous pressure gradient exists around the shroud circumference.) The re- 
circulating gas pressurizes part of the shroud wall outside the cylinder 
of the jet, and thus effectively increases the lateral area. mist-as 
to compensate for the fact that the wsll pressure in the calculated lat- 
ersl area is less than primary-nozzle total pressure. 

Performance comparison. - The performance (at a primary-nozzle pres- 
sure ratio of 2.0) of &Ll swivel-led-ejector-shroud deflectors tested is 
compared on the basis of Sz in figure 27. The lines show the computed 
performance of configurations A and B. Although the computed performance 
of A is better than that of B, the losses associated with A are such that 
the actual performance of either deflector is about the same at higher 
values of $8. 

The performance at a primary-nozzle pressure ratio of 2.0 of con- 
figurations A and B is compared on the basis of swivel angle in figure 
28. Although either deflector can produce more than 0.25~8, at swivel 
angles greater than 8' the conical shroud is better than the cylindrical 
shr0ua. However, with the cylindrical shroud, considerably more % can 
be obtained before the secondary flow passage is blocked. 

Pcimsry airflow ratio. - Because the swivelled shroud acts to back- 
pressure the primary nozzle, the actual immersed area and the primary- 
nozzle pressure ratio would be expected to be the principal variables in- 
fluencing the primary airflow ratio. As illustrated in figure 29, the 
airflow ratio was reduced only 3 percentage points in even the most ex- 
treme case, at a pressure ratio of 2.0. As the pressure ratio increases, 
the reduction becomes less. 

Pumping ratio. - Ejector pumping characteristics are known to depend 
on many shroud geometric factors and primary and secondary fluid proper- 
ties. b The pumping data (fig. 30) are shown as a function of the actual 
immersed area ratio and should be used only as a guide to first-order 
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approtimations when applied to other configurations. Comparison of these 
data shows that for all the configurations the pumping ratio decreases as 
the immersed area ratio increases. Greater pumping ratios sre generally 
obtained with deflectors of small (a +zmax) and larger diameter ratio. 

l3ackflow, which begins near zero pumping ratio, first occurs in that 
quadrant of the shroud which forms the immersed area and spreads rapidly 
circumferentially for small increments of immersed srea. For this rea- 
son the entire secondary flow passage was blocked before performance 
tests were continued when backflow was detected. 

In an attempt to improve the pumping ratio of this type deflector, 
blockage was replaced by a circumferential baffle (fig. 11) in config- 
uration F. As shown in figure 30, small secondary flow was obtained at 
pressure ratios up to 2.8. When the baffle was faired on the aft side 
(see fig. Xl), measurable backflow occurred at sll pressure ratios 
greater than 1.8. 

Performance of Ejector With Internal Flap 

fls and sz for 20° and 45O fixed flaps. - The performance of de- 
flectors consisting of a single fixed flap..having no flow dams and cover- 
ing one quadrant of the shroud when stowed is presented in figure 31. 
Although K for the 45' flaps is greater than for the ZOO flaps, per- 
formance trends for both types are similar. Single curves correlate fls 
for each type flap within about N.02 up to the limit of the 9S 
Parameter. At this limit for the 20' flaps (a numerical value of 0.342)' 
FS for the flaps in the 1.4 D,h/DK shroud continues to rise as the 
actual lateral area is increased. If the flaps were made large enough 
to turn the whole jet, Fs would theoretically rise to the vslue sin 20'. 
On the other hand, for the 20' flaps in the 1.2 Dsh/DN shroud (config- 
uration I) ss falls off under the same conditions. This decrease is 
caused by a pressure on the shroud wall opposite the flap, which tends 
to counteract the side force produced by the flap. However, the forces 
on the shroud and the flap act together to reduce flz. 

The dot-dash lines in the upper portions of figure 31 show Fz com- 
puted by equation (15) and the measured Fs. The trends are as expected 
from the preceding discussion except that Fz for the 45O flaps is up 
to 0.07 greater (see configuration 3) than the computed vslue. The rea- 
son for this can be seen in figure 32, which shows the pressure distri- 
bution on the flap and shroud wsll. With the 45' flap (fig. 32(a)) the 
shroud wsll is pressurized by recirculation and acts as an additional 
flap of small (a + ?;- ), although this effect is unaccounted for in equa- 
tion (I-5). For the 20' flap geometry tested, this effect cannot occur, 
as illustrated in figure 32(b). 

P 

. 

I 
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Effect of flow dams. - It was felt that the siae force for a given 
geometry might be increased if the pressurized surfaces were isolated. 
Accordingly, flow dams designed to reduce circumferential flow in the 
shroud were mounted on the edges of 45' flaps (configurations J and L), 
as illustrated in figures 12(c) and (d). The effect of the flow dams 
was SUdJ.j 9s was increased by only 0.02 in the best case, and gz was 
reduced a corresponding amount. 

Effect of reducing flap chord (reducing p). - The effect of re- 
CLucing the flap chord over the whole length (reducing the angle p, fig. 
12(a)) was investigated by cutting away portions of a 45' flap used with 
the Dgh/DM = 1.4 ejector shroud. Results of the tests sre shown in fig- 
ure 33, with the performance of SO0 /3 flaps in the same shroud indicated 
by dashed lines for reference. Comparison shows that the factor K is 
appreciably reduced when B is reduced to less than about 60'. However, 
when Sz is plotted as a function of Ss, nearly identical results sre 
obtained for sll flaps. 

gs end Sz for single pivotea flap. - The performance of the 
pivoted-flap deflector with one flap actuated up to 47g is shown in fig- 

ure 34. As the actuation a is increased, both K and gs increase 
to a peak at a = 28'. After the peak, gs f&Is off rapidly because of 
pressure forces acting on the shroud wall opposite the flap. (This effect 
did not occur at such low actuation with the fixed flaps because the 
effective pivot point was farther from the primary nozzle. Thus, the 
performance of the pivoted-flap model might have been improved, both for 
this reason and because of the gains due to advantageous recirculation, by 
shortening the flap and moving the pivot downstream.) gz continues to 
fall off as the actuation increases. 

9s and gz for two pivoted flaps. - When more than one flap is' 
actuated in a deflector of this type, the resultant force depends on the 
forces acting normal to each flap. If two identical flat-plate flaps on 
mutually perpendicular pivots are each actuated the same amount, it can 
easily be shown by the trigonometric relations involved that 

96 = 1.414 K (fls Parameter} (16) 

gz = 1 - 2K (9F;. Parameter) (17) 

where K, $$ Parameter, and gz Parameter are for a single flap. 

The performance of the pivoted-flap model with both flaps actuated 
the same amount is shown in figure 35. The dashed lines show the per- 
formance computed from equations (16) and (17) and 99 for a single 
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flap (fig. 34). The gs produced is greater than that computed at nearly 
all actuations. Although it was not definitely established, it is felt 
that this is due to interaction at the adjacent flap edges which effec- 
tively increases the 6 dimension on the downstream end. Peak F6 pro- 
duced by this configuration is about the same as that when a single flap 
is actuated, although the actuation required Sz and the point at which 
backflow starts are somewhat different. 

fl6 and Sz for flaps normal to longitudinal axis. - The perform- % 
ante of deflectors consisting of flaps norm&. to the longitudinall axis : 
in the plane of the ejector shroud exit, in which side force is produced 
by recirculation along the shroud wsll, is shown in figure 36. Both ss 
and Sz are presented as functions of the actual immersed area ratio 
AZ 

0 G ac' 
Performance of this sort of flap in the 1.2 Dsh/% shroud is 

always better than in the 1.4 Dsh/DR shroud. For either shroud, 6 is 
poor for the F6 produced (compare these results with fig. 27, for ex- 
ample). Comparison of configurations Q and R shows there is little change 
in performance when the ends of the flap are removed. 

It was observed during the course of these tests that the forces 
produced a;re somewhat "jumpy," probably because of intermittent boundsry- 
layerpeeloff. This characteristic was not observed with the other 
types of flaps tested. 

I 

Performance comparison. - Data presented in the preceding figures 
for fixed-flap deflectors sre compared at a primsry-nozzle pressure ratio 
of 2.0 in figure 37. The lines show the performance for 20° and 45' 
flaps computed from equation (E6) and the measured Ss. In general., the 
internal flaps tested are limited to about 0.17 Fs and produce more than 

0.85 flz. This is probably near the practical limit for jet deflectors 
of this type because of primary-airflow-ratio considerations, which are 
discussed in the following section. 

mary airflow ratio. - With an internal-flap jet deflector the 
flow area in the shroud is reduced as the flap is actuated. Figure 38 

* shows the primary airflow ratio for several configurations as a function 
of the effective-flow-area parameter, which is defined as the actuslim- 

A 
mersed area ratio 

res divided by the residual area ratio -. As 
4? 

shown in the sketch in the figure, Ares is measured in a plane parallel 
to the primary-nozzle exit. Data scatter, probably due to flap size and . 
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angle, is evident, but in general the primary airflow ratio is reduced 
5 percentage points in the worst case, at a pressure ratio of 2.0. As 
the pressure ratio is increased , the reduction becomes less. 

Pumping ratio. - The pumping ratio for several of the configurations 
of this type tested is presented in figure 39. The trends are similar 
to those of the swivel-led-ejector-shud deflectors (fig. 30), and the 
ssme discussion is applicable to these deflectors. 

In an attempt to improve the pumping characteristics of configura- 
tion J, one quadrant of the secondary flow passage was left unblocked 
(fig. 12(f)). As shown in figure 39, this modification permitted a small 
secondary airflow up to a pressure ratio of 2.4. 

Performance of Ejector with External Flap 

The performance of both configurations of this type tested is pre- 
sented in figure 40. The Fs and sz Parameters were computed neglect- 
ing the presence of the shroud, that is, assuming that neither the cross- 
sectionsl area nor the velocity of the primsry jet is affected, as by 
overexpansion, as it passes through the shroud. In general, the per- 
formance follows the same trends as that for the mechanic&L deflectors 
previously discussed. 

Some of the limitations inherent in the internal-flap deflectors 
can be overcome by using external flaps. One of the obvious advantages 
is that the flap can be made large enough to produce large side force. 
In addition, the primary airflow ratio is always unity and the pumping 
ratio is always greater than 85 percent because, for the geometries used, 
the shroud acts to isolate the flap. Shroud wsll pressures were, of 
course, slways about the same as when the flap was unactuated. A dis- 
advantage of this type of configuration is that the undeflected jet thrust 
is reduced by about 1 percent because of flap internal drag. 

Performance of Modulating Cylindricsl 

Target-Type Thrust Reverser 

The performance of this model tith one of the reverser halves actu- 
ated is shown in figure 41 for primary-nozzle pressure ratios of 2.0 and 
2.4. The performance follows the same trends as the mechanical deflec- 
tors previously discussed, except that the primary airflow ratio is al- 
ways unity. It was observed that at 45O (a +'tmax) some backflow was 
discharged past the end plate. 
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It is interesting to compare the .STs measured in this test with 
that which might be estimated from results of thrust-modulation tests in 
which both reverser halves are actuated. At 45O (a +~m&, reference 
ILL shows that a force sufficient to produce-O.49 ss acts on each reverser 
half, whereas, when only one half is actuated, about 40 percent of this 
value is obtained. 

Performance of Ejector With Swivelled Primary Nozzle 

Basic performance. - Figure 42 shows the basic performance of this 
device as a function of the primary-nozzle swivel angle. The reference 
configuration used to compute all performance parameters is the un- 

- shrouded primary nozzle, chosen because its performance is more nesrly 
that which could be obtained with a conventionsl unactuated configura- 
tion than is the performance of the zero-secondary-flow ejector. The 
primary airflow ratio (fig. 42(a)) is reduced up to 5 percentage points. 
sz falls off slmost linearly as actuation is increased and is poor for 
the 98 produced. Maximum 58 is obtained at 20' actuation; but, as 
shownoby the extrapolations, no side force is produced for less than' 
a=6. This characteristic occurs because the primary nozzle must be 
actuated 4' at a pressure ratio of 2.0 before the jet intercepts this 
shroud, and then an additional amount before positive side force is pro- 
duced. Use of this configuration would probably be prohibited by this 
characteristic, which would, however, be minimized or perhaps even elim- 
inated by using a longer ejector shroud of smsller diameter ratio. 

Comparison with computed performance. - Equations (E12) and (E14), 
derived in appendix E, are anslytical expressions pertaining to this de- 
vice. By basing the 9% Parameter on Ay, and (a + rmsr), equations 
(El2) and (E14) yield 

6 + sin a= K - 
CO8 z- 

cos(a + TrnG) 
98 Parameter (18) 

Computed and measured performance sre compared at a primary-nozzle 
pressure ratio of 2.0 in figure 43. In figure 43(a) the higher curve is 
a plot of equation (18); from this curve the value of K is found to be 
0.81. This is less than might be expected on the basis of other data, 
probably because of geometry effects. The lower curve in figure 43(a) 
shows that the positive Fs produced is about one-third the sum 
(Ss + sin a). Inspection of equation (E12) shows that this fraction 
could be improved by increasing the shroud hslf-angle 'G-. 

% 
=: 

-- 

I 
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As shown in figure 43(b), the measured Fz agrees satisfactorily 
with that computed from equation (El4) and the measured ss. 

Design Procedure 

If no precise data are available, the Fz and $S performance of 
flat-plate mechanical jet deflectors may be calculated by means of equa- 
tions (14) and (15). The factor K is found from the design chart in 
figure 44. Computation of the % snd FS in this manner correlates 
65 percent of all the data points for configurations A to L and S to U 
presented herein to ti.020, and 86 percent of the same data points to 
a.035. The larger deviations often occur in deflectors such as config- 
uration J in which a large portion of the siae force is aeveloped on sur- 
faces other than the flap (see fig. 32(a)) or in deflectors in which the 
pressure is not almost s&lent on the wall opposite the flap. 

The design chart may be used for primary-nozzle pressure ratios from 
2.0 to 2.8 and for deflectors in which the 6 dimension is SO0 or greater. 
If the /3 dimension is less than SO', the reduction in K may be es- 
timated from the data of figures 33 and 34. The primary airflow and 
pumping ratios may be estimated on the basis of considerations previously 
discussed. 

MIscFlLLANEous JET IIEIFmcToRs 

The miscellaneous jet deflectors sketched in figure 17 were tested 
during the course of the program reported herein. In each case the $S 
produced W= insignificant; so the configurations are not discussed in 
detail. The direction of positive side force is shown on each sketch. 

CONCLUDING REMARKS 

Several model jet deflectors, classified into types called stivelled 
nozzles, auxiliary nozzles, and mechanical deflectors, were tested in 
quiescent air. Ratios of effective side force to undeflected jet thrust 
(cslled .FS) as high as 0.43 were obtained. In general, the ratio of 
axial thrust to undeflected jet thrust (called Fz) was reduced to not 
less than 0.81. Analytical expressions relating the performance of each 
type deflector with significant design variables were developed. 

The performance of swivelled-nozzle deflectors depends on the swivel 
angle and on the distance the center of the exhaust-nozzle exit is offset 
from the original sxis. When the offset distance is negligible, the 

8 
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c 
performance of this type is the best obtainable for any deflector in which 
the whole jet is turned. For the swivel1ed.convergen-t nozzle, a signif- 
icant configuration of this type,Fg and .Tz canbe computed within I 

~~0.02 by analytical expressions. 

The performance of auxiliary-nozzle deflectors depends on the thrusts 
produced by the auxiliary and propulsion nozzles and on the distance and - 
angle between these nozzles. For any specified S& the flz produced 
by this type is improved when more of the jet is turned and when the 
auxiliary nozzle is placed farther behind the propulsion nozzle. For the c" 
tailpipe with a bleed nozzle , a configuration of this type, g6 and Fz 
can be computed within a.01 by analytical qressions. 

The performance of mechanical deflectors depends principsJ.ly on the 
angle and the immersion of the deflecting flap. A wall opposite the flap 
or a smsll flap chord angle 6 can reduce performance, while jet re- 
circulation in the vicinity of the flap can improve performance. At 
larger values of S$g, ejector configurations often encounter reduced 
primsry and secondary airflows , and may require blockage in the secondary 
flow passage. For most of the configurations of this type, 4rS and & 
can be computed within a.035 by a semiempirical design method presented. 

The performance of several configurations and the types and ranges 
of geometries tested are shown in the following table: 

Tgpa Of Conflgwatlcm 
4efleOtor 

sw1ve11s4 nozzle sv1ve11e4 tillpipe 
Swire11e4 convergent nozzle 
Plug nozzle with plug at 

tailpipe Wall 

Aotuatim Maxlmum & at WY- 
snple. a1rrlcm ratjo 

w 
FS msrinara a 

at maximm F- 
-_- .._- 

24.A 0.43 0.916 
20.0 .36 .938 :*z 
--- .lO 1.00 1:05 

Auxiliary noszle Tailpipe wltb bleed nossla 
Plug nozzle with aulliary 

jet frcm Plug 

"";;=m;~~ de- sw1ve11e4 ejeotor arc4l4; 
DB& - 1.1j S/Dj, - 0.86j 
cylin4rlceJ. ejeotor 

Swlvella4 ejeotcz shroud; 
Daw'Djj - l.lj S/D# - 0.87; 
150 oonica1 convergent 
ejector 

Ejector with internal f'lapj 
DB& - 1.4; s/+ - 1.05; 30 

_-_- 0.125 0.850 1.00 
-_- -23 1.15 b1.w 

15 0.2SS 0.898 0.893 

15 -370 .a50 .SSl 

17 .21 .sol .997 

oogica1 convergegt ejector; 
x) nap, p - 90 

Ejeotm' with external Ilapj 
D,h/DN - 1.16; 17.5O conloal 
oonvergent ejeogcq one large 
flap around l&l or sbrou4 

cy1in4r1oal thrust re"eFB*F, 
one-half actuated 

Ejector with srlvelle4 primary 
nesrlcj D&-DS - 1.1~ 
s/Djj - 0.75; 160 oonlcal eon- 
vergent ejeotor 

30 .41 .SlQ 1.00 

38 .19a .515 1.00 

20 -189 .827 .653 

%hm primary nozzle is rduce4. 
%hen primary nozzle 10 enlarged. 
"D,,&. Binmeter ratio; S/4r. spaolng ratio; P, flap char4 angle. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, February 11, 1958 

. 
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APPRRDIXA 

SYMBOLS 

. 

c 

A 

Py 

A, 

d 

'd 

CF 

C 

D 

Dsh 

F 

f 

9% 

9% 

@; 

K 

1 

M 

P 

P 

R 

S . 

T 
\ 

area, w f-t 

lateral area, sq ft 

immersed area, sq ft 

lateral area ratio, L?x 
PlrJ 

primsry-nozzle discharge coefficient 

primary-nozzle thrust coefficient 

distance, ft 

diameter, ft 

ejector shroud exit diameter, ft 

jet thrust, lb 

offset distance factor, dimensionless (see appendix C) 

side-force ratio, FS,R/Fz,o 

axial-thrust ratio, FZ/FZ,o 

acceleration due to gravity, ft/sec2 

experimentally determined factor, dimensionless 

offset distance, ft 

moment, ft-lb 

total pressure, lb/sq ft abs 

static pressure, lb/sq ft abs 

gas constant, f-t/OR 

ejector spacing, ft 

total temperature, OR 
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v 

W 

velocity, ft/sec 

weight-flow rate, lb/set 

a actuation, deg 

B flap chord angle, deg 

Y 

8 

ratio of specific heats 

ratio of total pressure to NACA standard sea-level pressure of 
2116 lb/sq ft &a 

8 ratio of total temperature to NACA standard sea-level tempera- 
ture of 518.7' R 

z gas turning angle, deg 

conical ejector shroud half-angle, deg 

cp nominal pipe diameter, in. 

angle between auxiliary-nozzle axis snd longitudinal axis, deg 

Subscripts: 

A auxiliary nozzle 

ac actual 

&V average 

e exit 

f flap 

id ideal. 

N primary-nozzle etit 

0 unactuated 

res residual 

S side 

8 secondary 
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T tailpipe 

W Wdl 

Y Cartesian coordinate perpendicular to longitudinal axis 

Y' Cartesian coordinate perpendicular to nozzle axis (specialized) 

Z Cartesian coordinate parsllel to longitudinsl axis 

0 a&lent 

1,2,... stations or specialized locations 
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APPENDIXB 

Actuation 

Axialthrust 

Effective-flow-area 
parameter 

Effective side 
force 

Ejector diameter 
ratio 

Ejector spacing 
ratio 

9s Parameter 

Fz Parameter 

Immersed-area ratio 

Lateral-area ratio 

Prim-airflow 
ratio 

Pumping ratio 

DEFllITIONS 

Displacement of a jet deflector from the stowed 
condition in such a manner as to tend to produce 
side force. a is angular actuation. 

Fz is that component of the resultsnt force pro- 
duced by an actuated jet deflector slang the 
lbngitudinsl f3xi.s. 

FS,N is the moment producing rotation divided by 
the &al distance from the pivot point to the 
center of the primary exhaust nozzle. 

DShhl 

+N 
d 
2% sin(cc, + b) 

&id 

sin2(a, + Zma) 
did c-(a + -$& 
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Residual area 

Side force 

Undeflected jet 
thrust 

27 

Ares is the shroud exit srea less the projected 
area of the flap in a plane parallel to the 
primary-nozzle exit. 

Fs is that component of the resultant force pro- 
duced by an actuated jet deflector acting per- 
pendicular to the longitudinsJ- axis. 

F z,o Is Fz at zero actuation. 

e 
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APPENDIXC 

S-D-NO- JET.DEELEX!TORS 

ANALYSIS 

A swivelled-nozzle deflector mounted in the experimental setup 
shown in the following sketch: 

% 

Longitudinal axis 

is 

Summing moments about pivot point B and 

M- F&N - F,)Z 

assuming no jet losses 

(Cl) 

The quantity F,Z is the counteracting moment. By definition (eqs. (3) 
and (2)), 

FScN - F,Z 
%=%Fzo= %Fzo = 

FScN - Fzc2sin a 
(c2) 

3 I , C#z,o 

BY geometry, cN = Cl + c2cos a. Let c2/c1 = f. Then equation (C2) re- 
duces to 

ss = sin a 
1 + f COB a 

There are no other axial jet forces, so that 

gz = j+ = COB a 
z>o 

(C3) 

w 
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ANALXTIC'AL PERFORMANCE 

Figure 45 shows the anslytical performance of this type deflector. 
The double ordinate scsle is drawn because 4, by equation (C4), changes 
only as the swivel angle changes. .%$ however, is dependent both on the 
swivel angle and the offset axis factor f. For constant swivel angle 

Ss is significantly reduced as f is increased. 

When f is zero the performance is the best obtainable for any de- 
flector in which the whole jet is turned. For this case the deflector 
produces 0.35 Fs and 0.936Fz when swivelled 24'. 

A swivelled-nozzle deflector using an ejector shroud and a swivelled 
primary nozzle would be difficult to achieve. To prevent jet impingement 
the shroud must be of very large diameter ratio or extremely short spacing 
ratio. Such a shroud is incompatible with good ejector design. An alter- 
native might be found in translating the shroud. 
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AUXILIAFE-NOZZLE JET DEPlZC'I0RS 

ANALYSIS 

An auxiliary-nozzle jet deflector mounted in the experiment& 
is shown in the following sketch: 

Pivot 
point t 

-- i 
1 

Summing moments about pivot point B, 

M- c.FAsin -$ N - ZFAcos $ 

The quantity 2FAcos f is the 

(eqs. (3), (21, =a (411, 

+---MC 
5FZ,O 

setup 

. 

(Dl) y 

counteracting moment. By definition 

FA(CASiIl $ - 2 CO6 $) 
= 

'NY&o 
b2) 

FN + FACOS J# 
F z>o 

md 

These relations can be expressed in terms of flow variables by sub- 
stituting the following expression obtained from one-dimensional iser&opic~ 
flow equations: 
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The analytical performance of an auxiliary-nozzle deflector assumed 
to operate under the following conditions is presented in figure 46: 

(1) Gas for the auxiliary nozzle is bled from the tailpipe with no 
total-pressure loss. 

(2) Primary-nozzle area is reduced to keep the engine operating 
point unchanged. 

(3) Auxiliary and primary thrust coefficients are always equsl. 

(4) The ratio cdcN is unity. 

(5) Counteracting moment is negligible. 

With these assumptions equations (D2), (D3), and (Da) reduce to 

PA sin $ 

-%- Fzo 
WA 

c - sin $ 
I wN,o 

FN + FA COB $ 
%i= F 

WN + WA co8 J( 
= 

z>o wN, o 

In figure 46 the.lighter lines are lines of constant auxiliary-nozzle air- 
flow ratio wAiwN, o l 

The heavier lines represent deflectors having fixed 
auxiliary-nozzle discharge angle 9. By comparison, it can be seen that 
the 45O 9 deflector requires larger wA/wN o to produce the same .SK$ 
as the 90' w deflector, but at the same i&e .$Tz is significantly 
greater. In general, Fz is improved when more of the tailpipe flow is 
turned. When the whole jet is turned (w~/wW,. = l)‘, the performance is 
the same as for a swivel-led-nozzle deflector following the cosine law. 
It should be emphasized that figure 46 is based on the assumption that 
the ratio ce/cN iS unity. If this ratio were increased, .%g would be 
increased in the same proportion, while Fz would remain unchanged. 

The biggest advantage of auxilisry-nozzle deflectors is the inherent 
simplicity and reliability. The only moving parts necessary are vslves 
to control the auxiliary flow and a convention&L variable-area primary 
nozzle. Gas for the auxiliary nozzle could be obtained from an isolated 
source or from anywhere within the engine, as for example, the compressor. 
At least three auxiliary nozzles are needed to provide control forces in 
sll directions. Principal disadvantages associated with this type de- 
flector are that long lsrge ducting may be necesssry and that in certain 
cases, such as those discussed, large auxiliary nozzles and a primary 
nozzle capable of very large srea changes may be required. 
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MEmcAL JET DFlFlxcToRs 

ANALYSIS 

The following sketch shows the forces involved as flow passes 
through a mechanicsl deflector: 

Station 1 2 

Recirculation 
Station 3J 

IW+ I 
- 

Recirculation is necessary for flat-plate flaps in order to bslance 
momentum parallel to the flap. The following analysis is applicable to 
the case in which the recirculated gas is dischaged at station 3. In 
most of the deflectors tested, however, this gas returned to the main 
stream and left the system at the exit, station 2. Because either situ- 
ation involves a momentum loss at the exit, the results of this analysis 
are applied to all deflectors, and any error is absorbed in necessary 
experimental coefficients. 

The following assumptions are made: 

(1) The whole primary jet expands to ambient pressure p. at sta- 
tion 1 before intercepting the flap. 

(2) The flap, essentially two-dimensional, is frictionless and is 
the only surface affecting the flow. 

(3) Counteracting moment is negligible. (Therefore, FS = FS,R.) 

(4) Primary-airflow ratio is slways unity. 
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(5) Ejector secondary flow is negligible. 

(6) For the ejector configurations, the undeflected jet thrust F, o 
is the same as the primary-nozzle jet thrust FN. (This is a reasonabl& 
assumption for the ranges of geometry and pressure ratios tested.) 

For those configurations having no momentum in the y-direction at 
station 1, the results of writing the momentum equations for a control 
volume around the jet at stations 1, 2, and 3 in terms of the side and 
axial components of the flap normsl force are 

FS,N = 
f 

hr - @+y 
A-f 

F, = FZ,O - s (Pw - PO)% 
47 

These equations must be solved simultaneously. 

(El) 

63 

Perfect Flap 

In the idesl case the whole jet is turned through an angle (a + T) by a 
flap curved to prevent recirculation (which would bring about a momentum 
loss), as shown in the preceding sketch. Although equations (El) and (E2) 
sre v&id, for this case the following is also true: 

ss = FS -= sin(a+T) 
.FZ,O 
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This is the same performance as that obtained for a swivelled-joint de- 
flector having no counteracting moment (cosine law). In practice, the 
ideal case is not attained because of losses and geometry restrictions. 

Practicsl Flap 

For the mechanical deflectors tested the flap approximates a flat 
plate, and the relation between equations (El) and (E2) is determined by 
the geometric relation between the surface~elements 
found in the flap. Thus, as shown in the following 

- 

aA, = dAy tm(a + 2) (=4 

Because the wsll pressure is the same on both elements, equation (E5) 
can be substituted directly into (El) and (E2) to obtain, after dividing 
by FZ,O' 

Fz = 1 - Fs tan(a + 7) (E6) 

This equation is the basic performance relation for flat-plate mechanical 
deflectors. It remains, however, to evaluate the relation in terms of 
design variables. 

Evaluation and Application of Basic Performance Relation 

The side force produced by a flat-plate deflector cannot exceed that 
produced by a perfect flap. Therefore, when the whole jet is turned 
parallel to the wall, 

6 (pw - po)aA, = FZ,o sin(a + 7) (E7) 

This expression can be evaluated in terms of design variables by aasign- 
ing an ideal constant value , the nozzle total pressure PN, to the wsll 
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pressure term pw. Combination of the integrated expression with 

(from one-dimensional isentropic flow relations yields 

In retiew, A?+..~ is the latersl-area ratio necessary to turn the whole 
Jet psrsllel to the flap if the wall pressure were everywhere equal to 
nozzle total pressure. did for a typical unheated-air model is shown 
in figure 47. 

In practice, the wall pressure will obviously be something less than 
px' However, this difference can be made up by increasing the actual 
latersl area !Y ,ac' Therefore, the foregoing principles are applied to 
flat-plate deflectors in the following manner: 

(1) If the actual lateral-area ratio significantly exceeds the ideal 
vslue (i.e., if dacfk&$d significantly exceeds unity), gg = sti(a + z)' 

(2) If d&!&d 1s less than WtY, Fs can be found by noting that 
if % were everywhere %., #g would be equal to &.ac/&Qd sin(a + z). 

To sllow for the difference between the assumed and actual. wsll pressures 
an experimentally determined factor K is necessary. In this case, 
therefore, 

(3) In each case Sz is given by equation (E6). 

It was determined that for the three-dimensional geometries tested 
the mathematicslly averaged gas turning angle a + T is not appreciably 
different from the geometric angle u f ~msx. Accorwy, any o,f the 
preceding equations in this appendix can be written in terms of ot + Tmsx 
with little error. 
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ANALYTICAL PFIREYIRMANCE 

The snalyticsl performance of some deflectors meeting the assump- 
tions stated at the beginning of the analysis is presented in figure 48. 
Sketches (a) and (b) show deflectors having geometry always sufficient 
to turn the whole jet parallel to the flap. Although $+Ks is the sme 
at any given flap angle for either of these deflectors, as indicated by 
the double abscissa scale, sz for the flat-plate flap is always less 
than that for the perfect flap. 

Sketches (c) and (d) show flat-plate deflectors in which the flap 
angle is constant and fls is varied by the immersion. Although ss for 
the 20' flap is limited to sin 20°, 9rz is greater than for the 45' flap. 
In general, the best over-sll performance is theoretically obtained when 
the flap angle is just large enough to produce the required side force. 

- 

Sketch (e) shows a deflector consisting of two flat-plate flaps in 
series, each of which completely turns the jet through half the total 
turning angle. This configuration more nearly approaches the performance 
of the perfect flap than the single flat-plate flaps. 

Mechanic&L jet deflectors have the advantage of being, in principle, 
easily adapted to supersonic jet exits. Flaps may be portions of the 
reer fuselage skin, an ejector shroud, or a thrust-reverser component. 
Thus, great variety in design is possible. 3owever, the flaps must be 
relatively large surfaces capable of withstanding high pressures. 

APPLICA!?.!ION OF ANALYSIS TO EJECTOR WITH 

S-D-PRIMBRY-NOZm DEFLECTOR 

c 

I 
I 

Nozzle\ I Y , 

cos(u + z-) 

P 

Ay’ 
A 
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In addition to the assumptions made in the preceding analysis it is 
assumed that the performance of the swivelled nozzle follows the cosine 
law even though the ejector shroud is present. The momentum equation 
for the flow throw the deflector then reduces to 

FS,N = l (pw - pC)dAy - Fz,o sin a 

By the geometry, substftution gives 

FS,N =I 
CO8 zmax 

cos(a + ‘G,,) J ( PW - p,)ag,, - FztO sin 0~ ml) 
he 

For the configuration tested,dAc/&$id is always less than unity. Evslu- 
sting (Eli) in the same manner as previously, 

Fs = K 
CO8 Tmax Jz?& 

cos(a + T-f&Z sin(a + Tm,) - sin a m2) 

The momentum equation in the z-direction is 

Fz =I Fz10 co8 a - $ (pw'Po)% o=) 
e, 

By the definition of Sz, by geometry, and by substitution frcxm (Eli), 

Fz = cos a - (Fs + sin u)tan Ttmax (El4) 

GEOMFaTFUC FACTCBS 

Because of the uncertainty of recirculation, the actual latersl 
exea Ay,ac is defined for use herein. Any difference between the de- 
fined area and the entire pressurized surface is absorbed in the experi- 
mentally determined factor K. As shown in figure 49, %,a is found 
graphically from the intersection of the flap and the "cylinder of the 
jet." (The diameter of the "cylinder of the jet" is determined by 
assuming that the jet expands isentropically to s&ient pressure.) This 
procedure involves considerable layout work, and it was determined from 
some layouts that this area is reasonably amroximated by 

p5 ,ac = %,ac cot(a + TGmax) (El5 ) 

where u is the swivel angle, T- is the flap conical half-angle, and 
A z,ac is the actual immersed area, indicated in figure 49. 
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Equation (E15) and the mechanically integrated Az,ac were used to 
calculate all actual lateral sreas reported herein. AN,ac is the physi- 1 
csl flow area of the primary nozzle, and &id., except in the case of the 
ejector with a swivelled primary nozzle, is given in figure 47. 

For convenience, the geometric factors are grouped together in the 
YS and flz Parameters, defined as follows: 

&ac 
$$S Psrsmeter= - 

-did 

IP 
sin(a + Tmax) (EW 2 

(El71 

For a given geometry, both parameters tend to increase with pressure 
ratios above critical because dac increases because of jet expansion 
while did decreases (fig. 47). The quantity &ac/$$.id is arbitrarily 
limited to unity in computing each parameter. 
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TABLE I. - S-Y OF MODELS TESTED 

. 

f 
-? 



NACA TN 4264 41 

Mmchanlaal 3, 4, 0 to 50 1.18 0.62 17.5 

l$) 

Haohaaloal 3, 4. 30 1.2 0.84 ll 

1%) 

(b) ho f’la~s 
Bjsctor with artern8l 

flap 

WeohaaiOpl 15 0 to 58 1.23 1.17 7 

6 and 16 OtO20 1.1 . 0.78 15 llodel slm!ilatas 
l Jeatar rlth 
blocked 8aocmdarJ. 
rlcrr pamsaga 

BjEctm wit41 mivellad 
Prlmmy nozzle 

-_-___ 2 and 17(a) 0 to 30 - -- - 

Plug nozr1* with 
mlrsllad plus 

--- 3. 4, 1.2 0.64 ll 

1%) 

. 
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TABLE II. - GEOMETRIC DATA FOR JXP DEFIECTORS 
. (a) Ejectors with swivelled &rod. 

Primary-nozzle pressure ratio, 2.0 G77 

Configuration Diameter 
ratio, 

' %hh? 

A 1.1 

B 1.1 0.87 15 

C 1.1 

D 1.2 

1.28 I 15 30 I 0.281 1 0.487 1 0.682 

0.84 11 

E 1.2 

F 1.2 

G 1.4 

1.07 15 

1.27 11 

t 

1.06 3 

H 1.4 
I 

AZ 
sdac = r 

0 N 
cot(a + 7-l. 

ac .- 

Spacing Conical- 
ratio, shroud. 

ShT half- 
angle, 
=ilL9X~ 

f@@; 

0.86 0 . 

30 0.136 1 0.236 1 0.331 

18 0.X58 0.424 0.961 

- 
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TABLE II. - Contimlea. G-ICAATAFORmDEFn 

(71) Ejectors with internal flap. primary-nozzle 
pressure ratio, 2.0. 

I 1.2 0.84 90 I.I. 20 0.045 0.124 0.254 
.162 .44!5 .9ll 
.250 .687 1.41 

J 1.2 0.84 90 ll 45 0.040 0.040 0.040 
.084 .084 .083 
.X58 .l58 .l57 

K 1.4 1.04 90 3 20 0.068 0.188 0.385 
.153 .421 
.240 .668 1:&F 

L 1.4 1.04 90 3 45 0.040 0.040 0.040 
,126 .l26 .125 
.l83 .lB3 .181 

M 1.4 1.04 60 3 $5 0.174 0.174 0.172 
$5 .149 .149 .148 
30 .099 .c99 .098 

ff 1.4 1.04 b) 3 I.2 0 0 0 
17 ,052 ,172 .4l.l 
20.5 .104 .278 .559 
25.5 .l!58 .332 .541 
31 .228 .379 .518 
40 .329 .392 .428 
50.5 .44s ,366 .331 

0 1.4 1.04 b) 3 I2 0 0 0 
17 ,052 .172 .4ll 

(4 20.5 .104 .278 .559 
25.5 .l!s .332 .54l 

P 1.2 0.84 54 ll 90 0.041 -a--- --m-w 
72 .094 --m-e m-m 
@a .167 --m-e ---em 

Q 1.4 1.04 73 3 90 0.182 ---e- ----- 

R 1.4 1.04 ll2 3 90 0.061 --w-s ----- 
136 .182 ----- ---mm 
152 .296 ----- ----- 

A 
L& = -5 0 AlJ ac 

cot(cc t 7-> . 

b B = 90' at upstream end of each flap; B = 41' at downstream end of each flap. 
' Values for configurations 0 are given on the baeia of single flap. 
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TABLE II. - Concluded. GEc.WZ'RICDmFORJETD 

(c) Ejectors with external flap. mF'rimary-nozzle 
pressure ratlo, 2.0. 

MACA TN 4264 
I 

rr 

Configuration Diameter Configuration Diameter 
ratio, ratio, 
Dshk Dshk 

S 1.16 I s I l-l6 
i T 1 1.2 T 1.2 

spacing J-Q Area 
ratio, chard 

conical- (ffi + 2-), 
shroud 

s&l 
fat ratio, 

angle, half- 
B angle, 

W%iL 

a& 'CmaX 
(4 

0.324 1.29 
.a8 I I 1.67 

1.03 1.45 

0.108 0.152 

aPxmmeter computed neglecting presence of ejector shroud. 

b 
cot(a + T-) . 

(a) Modulating cylindrical target-type thrust 
revereer. Primary-nozzle pressure ratio, 2.0 

Configuration Diameter Spacing F&P conical- (a + =DEd, Area dac dc/Jid 
ratio, chord ShrOUd 

Dsh/DN 
ratio, 

BFN 
aeg ($$j,, lb) angle, half- 

(4 (4 8, angle, 
aei3 %Elxl 

aeg 

U 1.29 1.17 130 7 22 0 0 0 
30 .079 .I37 .193 
45 .220 .220 .2l8 

*Effective values. 

cot(a + q-) * 

(ej Ejector with stivelled primery nozzle. 
Primary-nozzle pressure ratio, 2.0 

Gpaciw 
ratio, 

B/% 
(4 

0.78 I.5 

COdCd- 

shroud 
half-angle, L sax> 

Be63 

(a + ZmaJr Are8 
deg .ratio, 

(Az/AN).c 

0.364 I 0.687 
.568 .906 
.686 .953 I 

c 

. 

"Based on physical dimensions. 
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Mounting 
flange 

Tailpipe 

! 

rNo zzle 

Figure 1. - Basic tailpipe and convergent nozzle. (All 
dimensions in inches.) 



Hate: 
ewlvels about 
thi6 center 

Figure 2. - Cutaway view of basic plug nozzle. (AU dAx~11~icm6 in inches.) 

I , LLSP ’ ’ 



24 
rAlignmeIlt of atrute: 

four struta equEiLlY 
spaced, straddling 

J---------r 
h-lmary- 
nozzle exit 

(a) Cutaway cro88 section. (Al.1 dimensions in inches.) 

Figure 3. - Basic ejeator. 

(see fig. 4) 
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(b) Model mounted in experimental setup. 

Figure 3. - Concluded. Basic ejector. 
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Mam. 
6.06 

Diameter 
ratio, 

Deb/% 

1.1 

1.2 

-3.12 - 
----- I Kam., 

4.4 

1 

T 
DiEUil. 

6.06 

1 

(0) D,h/% = 1.21 no conid. (a) Dgh/% = 1.4j 3' COniCal- 

I 
Dia. 

6.06 

- 

- 
.6+Z 

6 

150 3 T 
am. 2 
A 

(b) 15' Conical. 

3.070 

I==--+- 
D&l., 

6.06 I 

-- 

-I liam., 
5.60 

1 

Figure 4. - Detailed geometry of shrouds used with basic ejector. (All dimen- 
sions in inches.) 



50 'NACA !I'N 4264 

Bislc tailpipe and 

flange 
A B, 

in. l 

5o 20' 8.82 

loo 15' 8.77 

14O 30' 8.69 

190 55' 8.57 

24O SO* 8.50 1 

Figure 5. - Elbows used in swivelled-tailpipe 
conf%guratione. 
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Basic tailpipe 
(see fig. 1) 

51 

0-Rinn seal- 

Flow 

conical point set 
screw 

(a) Cross section. (All. dimensions in inches.} 

Figure 6. - Swivelled convergent nozzle. 
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(b) Photograph of model. 

Figure 6. - Concluded. Swivelled convergent nozzle. 



N&CA TN 4264 53 

lpipe and outer shell 

Minimum radius 

Plug from basic 

(a) Cross section. 

Figure 7. - Plug nozzle with plug at tailpipe wall. 
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B::- SE&-. _.- __.. .___ __ . . 

(b) Photograph of model. 

c-41453 

Figure 7. - Concluded. Plug nozzle with plug at tailpipe wall. 
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hxilisry nozzle 

15' 

%q 

1 r Auxiliary-nozzle data 

Diameter, Area, Area ratio, 
DA9 AAl AA/AN 
in. aq in. 

1.22 1.17 0.093 

1.68 2.22 0.176 
2.03 3.23 0.257 

ic convergent 

spaced sroundtailpipe 
(stradClllng centerline) 

- - 

t---t 

Mounting 
flange 

(a) Cross section. (All dimensions in Inches.) 

Figure 0. - Tailpipe with bleed nozzle. 
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.r- 

. .~-- 

- 

: 
..--. . 

(b) Photograph of model. 

Figure 8. - Concluded. Tailpipe with bleed nozzle. 



0.06" 
/ 

Y 
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(b) Photograph of model. (I?oezle outer shell removed for clarity.) 

Figure 9. - Concluded. Plug nozzle with auxiliary jet from plug. 

. 
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Two pieces which move-relative 
to each other to set shroud at 

awfvel angleup to l5O 

Basic ejector prirnezy nozzle (see fig. 3) 

Shroud (see fig. 4) 

(a) Adjustable shmud mounting spool (shown in maximum-swivel-angle position). Effective 
pivot point maintains approximately constant position for all suivel @es. 

I 

(b) 15' Fixed extension for shroud mounting spool. 

Figure 10. - Variable aft geometry used tith basic ejector to form stivelled-ejector- 
shroud jet deflectors. 
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/ -Baffle was altered 
I Baffle--i packing entire circum- 

ference with modelling 
clay to outline shown 
by dotted line 

* 

. 
.- 

Figure 11. - Baffle added to swivelled 
ejector shroud (configuration F). 
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Configuration Used tith ejector 0~~ C, B, 
shroud shown in deg in. deg 

fig. - 

I 4(c) 9 0.61 SO 
I 4(c) 9 1.06 90 
I 4(c) 9 1.38 90 
J 4(c) 34 0.65 90 
d 4(c) 34 0.79 90 
J 4(c) 34 1.04 90 
K 4(d) 17 1.10 90 
K 4(d) 17 1.41 90 
K 4(d) 17 1.72 90 
IJ 4(d) 42 1.04 90 
L 4(d) 42 1.35 90 
L 4(d) 42 1.62 90 
M 4(d) 42 1.62 60 
M 4(d) 42 1.62 45 
M 4(d) 42 1.62 30 

(a) Flaps not normal to longitudinal axis. 

Figure 12. - Ejectors with internal fixed flap. 
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Primary-nozzle exit 

shroud exit, 7 

Flap type 1 
I 

I 
+C 

Flap type 2 

ionfiguration Used with ejector Flap C!, $3 
shroud shown in type in. deg 

fig. - 

P 4(c) 2 0.73 54 
P 4(c) 2 0.98 72 
P 4(c) 2 1.28 88 
Q 4(d) 2 1.75 75 
R 4(d) 1 1.24 112 
R 4(d) 1 1.75 136 
R 4(d) 1 2.13 152 

(b) Flaps normal to longitudinal exie at shroud exit. 

Figure 12. - Continued. Ejectors with internal fixed flap. 
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This distance varied This distance varied 
between 0 and 0.38 between 0 and 0.38 
in. with no effect in. with no effect 

(c) Flow dams added to some configurations. 

Figure 12. - Continued. Ejectors with internal fixed flap. 
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(d) 45' Flap, with flow dams on either edge of flap. 

Figure 12. - Continued. Ejectors with internal fixed flap. 
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(e) Flap normal to longitudinal axis at shroud exit. 

Figure 12. - Continued. Ejectors with internal fixed flap. 
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Unblocked 
quadrant l 

- 

I rThree blocked 

(f) Blockage in secondary flow passage as used with some 
configurations. 

Figure 12. - Concluded. Ejectors with internal fixed flap. 
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LEldgee ;g flaps meet at 
a=2% 

Flap (portion of 3' cone, 
designed to lay flat 
egainst ehroud of a I 00) 

View A-A 

(a) Schematic drawing of &mud and flaps. Either flap may be actuated independently. 
Actuating and lockhg mechanism not shown. (All dimensions in Inches.) 

Figure 13. - Ejector with internal pivoted flap. 
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(b) Photograph of model. Both flaps actuated. 

Fi@;ure 13. - Concluded. Ejector with internal pivoted flap. 



(a) One large flap (configuration 5). Locking mechanism not shown. (All dimenalons in inches.) 

Figure 14. - Ejectors with external flap. 
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(b) Photograph of model (configuration S). 

-c-44762 .~-- - 

Figure 14. - Continued. EJectors with external flap. 



. I 

\ 
(see fig. 4(c)) 

I 1 

r- 
Dsh/l)N = 1.2, 
110 conicel sbroua 

mdel1in.g clay 

4677 , . 

(c) Two small flaps (configuration T). (All dimen8lOnS In inches.) 

Figure 14. - Concluded. Ejectora with external flap. 
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I I 70 
‘q--- 10.0 -5~------- - - --- lJ1 ; - -- I!- ---- 

Pivot 

(a) Side view of nozzle and faking with rdverser in stowed position. 

(b) Side view of reverser with one half 
actuated. 

(c) Top view of reverser with one half actuated. Revekser 
halves are made of 6" standard pipe.- 

Figure 15. - Modulating cylindrical target-type thrust reverser. Revereer in stowed 
position forms ejector. (All dimensioIlg in inched.) w 



I I , rCB-10 4677 ’ . 

(a) ka0i mounted in experimeatal setup. one half actuated. 

mgur0 15. - c0dudea. Modulating cyJ.lndrical target-type thruet reverser. Reversar In 
stowed position forms ejector. (All dbensicm in inches.) 



i 
5a 

I KDunting 

flange 

Ii 32.1 I 

I 24.0 a -1 t- 
3.1 .-, 

-5.2 -+------, 

Figure 16. - Cross mction of ejector with aulvelled primary nozzle. (AU dimensions in inches.) 
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(a) Pl& nozzle tith swivelled 
Plug- 

(b) Ejector with partial blockage in secondary flow passage. 

(c) Ejector with partly opened shroud. 

Figure 17. - Miscellaneous jet deflectors. 
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Figure 19. - Performance of swivelled-tailpipe (swivelled-engine) 
Jet deflmtor having no counteracting moment. 
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(See fig. 6) 

(a) Airflow ratio. 
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(b) Side-force ratio. 
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(c) Axial-thrust ratio. 

Figure 20. - Performance of swivelled convergent 
nOZZlE. 
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Figure 21. - Performance of plug nozzle with plug at tailpipe wall. 
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Figure 22. - Performance of tallpipe nlth bleed nozzle. , 
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Figure23. - Performance of plug nozzle with auxiliary Jet from plug. 
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(3) Primary-no8Zl.e gre%.¶lrs 
ratio, 2.4. 
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Figme 24. - Periarmance of mlvelledsjector-shroud Jet deflector (confIguratIon A). Ejector: 
diameter ratio, Deb/%, 1.1~ spacing ratio, 8/%, 0.86; cylindrical shroud. For all data in 
this figure .dac#CI&& > 3.0. 
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flow passage 
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Figure 26. - Wall pressure distribution on shroud in plane through axis. 
Swivelled-ejector-shroud jet deflectorj swivel angle, a, 15'~ primary- 
nozzle pressure ratio, 2.0~ ejector: diameter ratio, Dsh/%, 1.1; 
spacing ratio, S/%, 1.28; 15' conical shroud. 
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Figure 27. - Variation in axial-thrust ratio with side-force ratio for 
swivelled-ejector-shroud jet deflectors. Primary-nozzle pressure ratio, 
2.0. 
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Coufigur&don A 
Ejector diameter ratio, D,h/DEJ, 
1.1; ejector spacing ratio, S/%, 
0.86; cylindrical shroud 

Configuration B 
Ejector diameter ratio, D,h/qB, 
1.1; ejector spacing ratio, 
s&, 0.67; I9 conical BbrOua - 

.4 
(See figs. 3, 4, and 10) 

solid synibolE in- 
dicate blocked 
secondary flow 
passages 

Swivel angle, ~6, deg . 

Figwe 28. - Variation in side-force ratio with swivel angle for two swivelled- 
ejector-shroud jet deflectors. Primary-nozzle pressure ratio, 2.0. 
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(a) Primary-nozzle pressme ratio, 2.0. 

Actual immersea area ratio, r 
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(c) Primary-nozzle pressure ratio, 2.8. 

Figure 29. - Variation in primary-airflow ratio with immersed area for 
swivelled-ejector-shroud jet deflectors. 
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Figne 31. - Performance of ejector with internal-flq jet deflectors. Fixed 2Q" end 4S6 flaps. 
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Figure 33. - EXYect of reducing flap chord in confignretione M. Primery- 
nozzle pressure ratio, 2.0; ejector: diameter ratio, De&., 1.4; 
spacing ratio, S/%, 1.05. 
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Figure 34. - Pertormanoa of ejaotor having pivoted internal flaps with me flap actuated (0tiiWatia N). 
EJector: diameter ratio, Ds&, 1.4; spaolng ratio, S/nN; 1.06. 
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Plgure 35. - Performance of ejector having pivoted internal f,APB tith two fla#aCtuated 
(coaf~tlons 0). Ejector: diameter ratlo, D.h/nH, K4; ~gacing ratio, 9hj 1.06. 
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(b) Ejector: diameter ratio, D&m, 1.4; spacing ratio, S/a, 1.06; 
conical-shroud half-angle, 3O. 

Figure 37. - Variation in axial-thrust ratio with side-force ratio Zor 
ejector with irrternal-flap jet deflectors. Fixed flep; flap chord 
angle, p, 90°j primery-nozzle pressure &iO, 2.0. 
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Figure 38. - Variation in primmy airflow ratio with residual area ratio. 
Ejector with internal-flap jet deflectors. A,, B1.15 AH. 
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Figure 41. - Jet deflector performance of cylfndrical target-type 
thrust reverser (configuration IT). 
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Figure 42. - Performance of ejector with swivelled-primary-nozzle jet deflec- 
tor. Zero eecondary flow; ejector: diameter ratio, D,h/DN, 1.1; Spacing 

ratio, S/%, 0.78. 
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(See fig. 16) ' 
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(b) Variation of axial-thrust ratio with side- 
force ratio. 

Figure 43. - Comparison of computed end meas- 
ured performance for ejector with swivelled 
primary nozzle. Zero secondary flow; primary- 
nozzle pressure ratio, 2.0. 



1.2 

~ 

.8 

.4 
0 .4 .8 1.2 1.6 2.0 2.4 

Actual lateral &ea rstio &c 
Ideal lateral area ratio J&T 

i 
2.8 

Flgure 44. - Ikelgn chart for mechanical jet deflector8 for primary-noeele presme 
rstlos of 2.0 to 2.8 and flap chord angle p 2 90'. 
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Figure 45. - Analytical performance of swivelled- 
nozzlb-type -jet deflectors. 
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Figure 46. - Analytical performance of ewclliary-nozzle Jet deflector. 
WA + wpI = w~,~ j no tmniw 1068e8 j p%mry-exhaust-nozzh a?ea re- 
duced to maintain unactuated tailpipe pressure. 
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Figure 41. - Ideal lateral area ratio required to turn whole Jet with me- 
chanical deflector. Ratio of specI.fic heats, Y, 1.40; prinrary-nozzle 
thrust coefficient, +, 0.976. 
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Figure 4%. - Analytical performance of mechanical jet deflectors. 
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Ejector shroud 
(see fig. 4(a))7 

q. ! r"Cylinder of jet" 

LDiameter of "cylinder of 
jet" at pressure ratio 
pdpo of 2.0 

(a) Ejector: diameter ratio, D&IN, 1.1; spacing ratio, 

ylinder of jet" 

ector-shroud 
it 

(b) Ejector: diameter ratio, Dah&, 1.1; spacing ratio, S/DN, 
0.87; conical shroud. 

Figure 49. - Immersed area and lateral area for ejector with 
shroud swivelled 15'. Primary-nozzle pressure ratio, 2.0. 
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